Objective: To investigate the tooth whitening effects of various concentrations of carbamide peroxide (CP) gels and 6% hydrogen peroxide (HP) whitening strips used on an intrinsic, in vitro stain model in a simulated home-applied bleaching protocol.
T ooth whitening techniques have seen renewed interest from the dental profession as a result of the public's desire for whiter, brighter teeth. The technique of bleaching or whitening teeth was first described in 1877 1 but gained general acceptance by the profession in 1989 with the introduction of the so-called nightguard vital bleaching (NGVB) technique, which involved the application of a 10% carbamide peroxide (CP)-based gel in a bleaching tray worn for up to 8 hours at night. 2 Since the introduction of the NGVB technique there have been many different modifications involving the bleaching agents used, the type of tray provided, and the treatment regimen employed. Bleaching agents have included different concentrations of CP and hydrogen peroxide (HP) with different flavors, thickeners such as carbopol, and desensitizing agents, such as potassium nitrate. As the technique has developed, the tray material has tended to become softer and thinner and the tray design has alternated between the use of reservoirs and scalloping or a straight-cut tray without reservoirs.
Other treatment regimens developed include day use of various concentrations of CP and HP for between 30 minutes and 4 to 8 hours per day. Clinical studies have shown that a 10% CP gel used in a bleaching tray at night produces predictable results, [3] [4] [5] [6] [7] [8] [9] [10] [11] as do 5 to 6% HP whitening strips. 12 A laboratory study found that a 16% CP solution bleached more quickly than the same 5 or 10% solution. However, all concentrations produced a bleaching effect if used long enough. 13 Similarly, clinical studies have compared 10% CP with 15% CP 14 and 20% CP with 7.5% HP. 15 Both studies found no difference in the eventual final shade even though there were initial quicker results with the higher concentration of CP. There have been no reported controlled randomized trials or in vitro studies comparing a range of different concentrations of CP that are available to the dental professional, namely, 10, 15, 20, 22, and 30% solutions.
A recently developed in vitro method that quantitatively assesses the effects of tooth whitening products 16 was used to investigate the effect of varying HP concentrations, from 5 to 35%, on the tooth whitening process. 17 The relationship between the number of bleach applications and the bleaching gel concentration was exponential rather than linear. The aim of the present study was to investigate the tooth whitening effects of a wide range of professionally available concentrations of CP gels (10, 15, 20, 22 , and 30%) and 6% HP whitening strips used in simulated home-applied bleaching using the same model in vitro. 16 
M A T E R I A L S A N D M E T H O D S
The in vitro model used in this study involves the preparation of internally stained tooth specimens and three tooth shade assessment methods, as described previously. 16 In brief, 15 third molar teeth underwent root removal and vertical bisection beginning at the occlusal fissure level. The exposed dentin surface was polished using a 1,000-grit silicon carbide paper in a lapping and polishing unit with water irrigation. It was then etched with 35% phosphoric acid to remove the smear layer and expose the tubule network to promote CLINICAL SIGNIFICANCE There is a clear significant relationship for both concentration and duration of exposure for CP bleaching agents. The final shade change is independent of the concentration of bleaching agent, with time as the dominant variable. Higher concentrations of CP that have not been investigated previously may be a treatment option for esthetic improvement of shade where time is at a premium, but caution must be exercised in view of the possible increased incidence of sensitivity.
( Tooth specimens were prepared, and baseline shades were assessed. One investigator (M.S.) performed all the shade comparisons and was blind to the allocation of specimens. Shade guide assessments were made with specimens lying on a black background under the same fluorescent lighting conditions. A black background was chosen following initial work to determine shade consistency using the SVS. 16 The SVS was used to give a mean Vita shade for each of the specimens. As with the SG, SVS recordings were made with specimens lying on a black background. The chromometer was applied to the outer surface of the enamel not at a single site but across the whole width of the specimen and therefore without the use of a jig. The mean L*a*b* values for each specimen were then calculated.
Only specimens with shade C4 as assessed by the SG and SVS were accepted for the study. Thirty specimens were allocated randomly to six treatment groups, each comprising five specimens. The shade tabs were arranged in a permuted sequence suggested by the manufacturer, and each was assigned a numeric value ranging from 1 to 16 (B1, A1, B2, D2, A2, C1, C2, D4, A3, D3, B3, A3.5, B4, C3, A4, C4). L*a*b* values for all specimens were assessed using the chromometer. All exposed dentin surfaces were sealed using clear nail polish and then fixed onto a microscope slide using double-sided adhesive tape so that only the enamel surface was exposed for the application of the bleaching agents. The five specimens for each treatment group were adhered to the same microscope slide in line and separated by approximately 5 mm. The CP bleaching agent was applied to groups 1 to 5 using custom-made bleaching trays. Thus, plastic impression trays were cut and modified with brown stick compound, and then an alginate impression was taken of the specimens on each slide and a stone model was cast within 30 minutes. Finally, a whitening tray was fabricated with a reservoir depth of 0.5 mm to allow the bleaching agent to be applied to the enamel surface of the specimens. Groups 1 to 5 were treated with the appropriate concentration of CP bleaching agent placed in the trays for 8 hours. Group 6 specimens were treated with the HP whitening strips in a manner simulating the manufacturer's instructions for use. Thus, each strip was molded by hand to envelop the five specimens on the slide and left in place for 30 minutes. This procedure was performed twice per day. The treatments were carried out in an airtight container with a moist atmosphere created by placing wet paper towels in the container base, and all treatments were terminated after 14 days of active treatment. Following each treatment cycle, both the teeth and the whitening tray were cleaned with a toothbrush and rinsed with water for 2 minutes. The teeth were then placed in water for 16 hours to allow them to rehydrate between treatments ( Figure 1 ).
After rehydration following 2 days of treatment, all samples were assessed for shade using all three methods. The bleaching treatment/rehydration cycles were then applied again, and the shade assessments were repeated at 5, 7, 10, and 14 days. The shade assessments were made in the order of SG, SVS, and chromometer with groups of specimens numerically coded to achieve examiner blindness. The SVS and SG data were expressed as SGU change. The equivalent chromometer data were expressed as overall color difference ∆E* calculated using the following expression:
The outcome measures for analysis were SGU change as recorded by SG, SVS, and ∆E* change measured by the chromometer.
Summary statistics were calculated for the three outcomes by treatment and duration of exposure. SG and SVS scores behaved in an essentially binary manner, starting at a shade change of zero (baseline, C4) for each specimen and switching to a positive shade change of 9 (C2) to 13 (B2) SGUs from baseline at some subsequent assessment. Thus, for each specimen, the day at which it first reached a positive value of nine SGU changes or greater was determined. One-way analysis of variance was then used to assess whether this differed between the six treatments. To determine whether there was a significant dose response for the CP treatments (ie, excluding the HP product), correlation coefficients at each measurement day (days 2, 5, 7, 10, and 14) were calculated for L*a*b*, SG, and SVS. A cross-tabulation was constructed to assess the similarity of SG and SVS, expressed as binary variables. Finally, the degree of agreement of binary SG and SVS with L*a*b* was assessed using the statistic U/mn, which is the MannWhitney U statistic divided by the product of the two sample sizes. A value of 1 (or 0) corresponds to perfect separation between L*a*b* values corresponding to positive and negative SG or SVS and 0.5 corresponds to no difference. This statistic is equivalent to the area under the receiver operating curve. Finally, 95% confidence intervals (CIs) for U/mn were calculated. All statistical analysis was performed by the medical statistician author (R.G.N.).
R E S U L T S Tables 1 and 2 show summary statistics for the bleaching effect of the various gels measured using the SVS and SG expressed as SGU change. The equivalent data, determined using the chromometer, are shown in Table 3 . Table 4 shows summary statistics for the day on which specimens in each treatment group reached a positive score (9 SGU or higher). For CP treatments the shortest time was for 30% CP, after which time increased successively as the CP concentration decreased; HP and 10% CP were essentially similar. Analysis of variance over the six treatments approached significance (SG, p = .064; SVS, p = .091). Table 5 shows dose-response correlation coefficients for CP treatment outcome at each measurement day for SG, SVS, and L*a*b*. All correlations were positive, and each measurement system gave a significant correlation on at least one occasion. For both SG and SVS scores, the time to switch to positivity was, correspondingly, significantly inversely correlated with CP concentration. The order of sensitivity to detect a significant positive dose-response relationship appears to be SG > SVS > L*a*b*. Crosstabulation of SG by SVS as binary variables shows that their patterns of switching from negative to positive are very similar, with only one disagreement for the 150 assessments. The degree of agreement of SG and SVS with L*a*b* using U/mn was 0.764 (95% CI 0.671-0.835) for SG and 0.760 (95% CI 0.667-0.831) for SVS, indicating substantial but not perfect separation.
D I S C U S S I O N
The aim of this study was to assess the effect of various concentrations of commercially available homeapplied bleaching agents on the response of internally stained teeth to bleaching. In common with previous studies in vitro, 16, 17 it seems that teeth bleach to an approximate end point (Vita shade D2 in this study). 16, 17 The present in vitro study showed that the HP gel and each concentration of CP could improve the shade of internally stained extracted teeth by 12 SGU in 14 days of use. Using the day to reach a positive change (9 SGU or greater units), the mean SG and SVS scores showed a clear pattern, with 22% and 30% CP achieving these effects earlier than other concentrations. The results obtained were in agreement with those of previous researchers who compared different concentrations of CP. 13 The magnitude of the shade change in the present study was larger than the previous study in which the teeth used were less heavily stained: the acceptance criterion for the Leonard and colleagues study being shade A3, 13 which is much lower than shade C4 used in the present study. Leonard and colleagues found the average shade change to be 4.9 and 6 for incisors and canines, respectively. 13 Similarly, the higher concentration of 16% CP produced faster shade changes than 5 and 10% CP, but, by the end of treatment, all teeth reached approximately the same end point whitening for all concentrations.
The present study employed the original intrinsic stain model devised to study bleaching in vitro. 16 The same model was used to investigate the effect of different concentrations of HP on the outcome of tooth whitening. 16 In both studies the total magnitude of bleaching was similar to that achieved in the present study. 16, 17 There was also a clear, significant dose-response relationship for the duration of exposure in the HP concentration study, 17 as also shown here for CP. For all measurement methods the correlation coefficients were significant on at least one recording day, with the greatest sensitivity shown with SG and the least with the chromometer. Nevertheless, the agreement between dichotomized SG and SVS was extremely high, with substantial agreement between these systems and L*a*b*. The magnitude of shade changes in the present study was broadly similar to, albeit larger than, that of previous clinical studies. 19- 21 Heymann and colleagues reported a mean change of 7 units on the Vita shade guide after bleaching with a 10% CP gel over 7 days, 20 whereas Gerlach and Zhou reported a mean change of 5.5 units using a whitening strip (6% HP); a quarter of their sample had a shade change in excess of 8 units. 19 In the present study, the mean change in color (∆E*) by chromometer was used, which is mainly dependent on the change in lightness/darkness (∆L*). Observationally, changes in a* and b* were as expected, representing a reduction in redness and yellowness, an effect reported by others. 16, 17, 19, 22 The chromometer was applied to the outer surface of the enamel not at a single site but across the whole width of the specimen and therefore without the use of a jig. The shade of each specimen was recorded from three separate locations taken across the full width of the specimen, working from right to left: the instrument automatically taking three readings from each site and providing the average on the printout. Although a jig is used to ensure repeat chromometer measurement from the same point on a tooth clinically, the nature of the specimens and their setup on the slides in this study meant that the use of a jig would not be possible. Hence, readings across the whole width of the specimen from right to left provided a mean change in shade across the specimen.
The results of the present study, in common with previous uses of this model in vitro, must be interpreted with caution. With in vivo conditions in vital teeth, there is a continuous outward movement of fluid through dentinal tubules and porous enamel, which would tend to impede the penetration of an applied bleaching agent. The use of extracted teeth devoid of dentinal fluid probably allowed the bleaching agent to permeate the tooth more quickly than would occur in vivo. Indeed, it would be of interest to determine in vivo whether nonvital teeth bleach more easily than vital teeth. In spite of this reservation, the results of the present study suggest that the final color change is independent of the concentration of bleaching agent used and that time is the dominant variable. Practitioners, however, may wish to use a higher concentration of bleaching agent to achieve a quicker result for those patients for whom time is at a premium. This approach may run a greater risk of side effects, such as tooth sensitivity.
In conclusion, this in vitro study supports the limited data from the few available randomized controlled clinical trials involving different concentrations indicating that CP and HP home-use bleaching systems can achieve considerable tooth whitening outcomes, albeit at different rates, which appear to be concentration dependent. In addition, the study showed that even using the higher concentration of 30% CP gave the same end shade result as the lowest concentration of 10% CP, but the whitening result was achieved much more quickly.
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